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Introduction
Cationic liposomes as a gene delivery vehicle have attracted an increasing level of attention because of their excellent safety profile, nonimmunogenicity and ease of large-scale production. However, a major problem of cationic liposomes is their relatively low transfection efficiency. One of the reasons for low efficiency is the sensitivity of cationic liposome to serum, ie in vitro, the transfection activity is strongly inhibited by the presence of serum. The solution to this problem will probably improve the transfection efficiency of cationic liposomes in vivo.
The effort to improve the activity of cationic liposomes, includes the continuous synthesis of new cationic lipids. The search for new formulations using existing cationic lipids, however, has gained a certain level of success. For example, the addition of a third component such as a polycation or a cationic peptide to cationic liposomes increases transfection activity significantly. [1] [2] [3] [4] Emulsions and micelles containing a cationic lipid form physically stable and biologically active complexes with DNA. 5, 6 DNA-cationic liposome complex prepared in the presence of detergent 7, 8 or at high concentrations 9 has resulted in more efficient and less serum-sensitive transfection complexes. Some subtle changes in the procedure to prepare DNA-cationic liposome complex such as the order of addition and the rate of mixing liposome and DNA also affect transfection efficiency. 9 Since the structure of the DNA-cationic liposome complex is inadequately understood, how these factors alter its structure is also unknown.
Previously, we found that increasing the charge ratio of cationic liposome to DNA can overcome serum inactivation of the complex. 10 A high charge ratio resulted in more DNA associated with cells in the presence of serum. In addition, some unidentified serum components may play a dominant role in enhancing the transfection activity of complexes with high charge ratios. In the process of investigating this phenomenon, we discovered that the degree of serum sensitivity of a given complex depended on the time of incubation of the complex before transfection. In the present report, we describe the time-dependent changes of the cationic liposome-DNA complex in terms of its particle size, cellular uptake and transfection activity upon incubation. Factors affecting these changes are also reported.
Results
Serum resistance of DNA-cationic liposome complex depends on the incubation time It is well known that DNA-liposome complex aggregates and increases in particle size upon storage, indicating structure changes in the complex with time. We thus investigated if the serum sensitivity of the complex would also change with time of incubation. DNA-DCchol liposome complex was incubated for different lengths of time at room temperature after mixing liposomes with DNA at a theoretical charge (+/−) ratio of 2.0. At the end of incubation, fetal bovine serum (final concentration 20%) was added to the complex immediately before adding it to the murine melanoma BL6 cells for transfection. For comparison, the same complex incubated for the same lengths of time was used for transfection in the absence of serum. As shown in Figure 1a , at time zero the freshly prepared complex was very sensitive to serum; the transfection activity of the complex was inhibited by serum by more than two orders of magnitude. However, as the incubation time increased, the sensitivity to serum gradually diminished. The complex had become essentially serum resistant after 40-50 min of incubation. These results indicate that the DNA-liposome complex had undergone a maturation process which leads to its total resistance to serum. The transfection activity of the complex in the absence of serum did not change appreciably during the incubation period. In contrast, if serum was added immediately after the mixing of liposomes and DNA, the complex did not obtain serum resistance no matter how long the incubation. If serum was added to the complex at any time during the incubation, the transfection activity of the complex remained stable, independent of the subsequent incubation time (data not shown). These results indicate that serum can permanently block the maturation process of the DNAliposome complex. Since there was not any change in the transfection activity if incubation and transfection occurred in the absence of serum, the change in the serum sensitivity of the complex can be expressed as the percentage of serum-free control, ie the activity of the complex which has never seen serum in both the incubation and transfection. This is done in the subsequent data analysis (Figures 2-5 ).
Serum sensitivity of cellular uptake of DNA is also time dependent We have previously reported that cellular uptake of DNA, in the form of DNA-liposome complex, is inhibited by the presence of serum. 10 This is particularly the case when the complex is with a relatively low charge (+/−) ratio. Since the serum sensitivity of the complex's transfection activity was time-dependent, we wondered if the sensitivity of cellular uptake of DNA would show similar time dependence. Mouse BL6 cells were incubated for 5 h at 37°C in the presence or absence of serum with 125 I-labeled DNA-liposome complex (charge +/− ratio, 2.0) which had been incubated for different periods of time at room temperature ( Figure 1b) . If the complex was used immediately after mixing, its uptake by cells was highly serum sensitive; approximately 85% of 125 I-DNA uptake was inhibited by the presence of serum. As the DNA-liposome complex matured with time, there was a progressive decrease in the serum sensitivity in the DNA uptake by cells. Furthermore, if the freshly prepared complex was incubated with serum, the uptake of DNA remained at a low level no matter how long the subsequent incubation time (Figure 1b ). This result is in qualitative agreement with that of the transfection activity shown in Figure 1a , suggesting that the structural changes of the complex during the maturation process allow the complex to interact more productively with serum leading to an enhanced cellular uptake of DNA and elevated transfection.
Complexes containing other cationic liposomes DC-chol contains a single tertiary amine as the charged headgroup and a cholesterol group as the hydrophobic moiety. 11 Most of the other cationic lipids used for transfection contain a quaternary amine and two hydrocarbon chains; 12 ,13 yet others contain a branched chain headgroup with multiple amine groups. 14 We were interested in determining if the observed maturation process of the DNA-liposome complex also applies to complexes containing other cationic lipids. Liposomes composed of DOTAP (prepared by us), and two commercial liposome reagents, lipofection and lipofectamine, were tested in an experiment similar to the one described in Figure 1a . These three liposome formulations are all serumsensitive. As can be seen from Figure 2 , the maturation process was observed with the two liposomes containing monovalent cationic lipids, ie DOTAP and lipofectin, but not with the liposome containing a multivalent cationic lipid, ie lipofectamine. The rate of maturation for the three monovalent lipids under identical conditions, ie optimal charge (+/−) ratio and at room temperature, appeared to follow the order: DOTAP Ͼ lipofectin Ͼ DCchol; the half-time of maturation was approximately 10, 20 and 30 min, respectively. No maturation for the complex containing lipofectamine was observed up to 90 min at room temperature.
Effect of charge ratio on the maturation of the complex
We have previously reported that serum resistance of DNA-liposome complex could be conferred if a higher charge (+/−) ratio, eg the ratio of 4.0 for DC-chol liposomes, is used in preparing the complex. 10 We were obviously interested in how the charge ratio influences the maturation process described above. Different amounts of DC-chol liposomes were mixed with a fixed amount of plasmid DNA and the resulting complexes were incubated at room temperature for different periods of time before transfection of cells in the presence or absence of serum. Figure 3 shows that the maturation process in terms of the transfection activity was dependent on the charge ratio. At the theoretical charge ratio of 0.4, the process was slow, showing only about 20% of full activity after 20 min incubation. At a ratio of 2.0, approximately 40% of full activity was observed at 20 min incubation. If the complex was of a high charge ratio of 4.0, the full level of maturation was observed within 2 min after mixing. Thus, excess DC-chol cationic liposomes accelerated the maturation process. This observation explains why the DNA-liposome complexes with high charge ratios are serum-resistant as has been reported previously. 10 Effect of concentration of DNA-liposome complex on the maturation kinetics It has been reported that DNA-liposome complexes formed at different concentrations of DNA and liposomes show different levels of transfection activity and different degrees of serum sensitivity. 9 The effect of complex concentration on the time-dependent maturation was examined. DC-chol liposomes (10 nmol lipid) were mixed with DNA (1 g) at a charge (+/−) ratio of 2.0 in a total volume of 20, 100 and 250 l. After different times of incubation at room temperature, the complex was added to cells for transfection in the presence or absence of serum. Data in Figure 4 show that the maturation rate was dependent on the concentration of the complex. When the total volume was 250 l, the process was very slow with less than 20% of full activity observed after 20 min of incubation. When the total volume was 20 l, a full level of maturation was observed even at 0.5 min after mixing. At the intermediate volume of 100 l, the maturation rate was also intermediate. These results indicate that the formation of mature complex probably requires collision of DNA with liposomes. Higher frequency of collision results from higher concentration of each component. Furthermore, the observation satisfactorily explains why complexes prepared at high DNA and liposome concentrations are more serum-resistant than those prepared at lower concentrations. 9 Effect of incubation temperature on the rate of maturation The temperature dependence of the maturation process was examined by incubating a complex containing DCchol liposomes (charge ratio 2.0) at 0, 22 and 45°C for different periods of time before adding to cells for transfection in the presence or absence of serum. As can be seen from Figure 5 , the rate of maturation depended on the incubation temperature in the order of 45°C Ͼ 22°C Ͼ 0°C.
Particle size of the DNA-liposome complex To understand the time-dependent structure change of the cationic liposome-DNA complex, the size of the complex particle was measured as a function of incubation time. The results are shown in Table 1 . The mean diameter of DC-chol liposome is around 200 nm. Immediately after the DC-chol liposomes were mixed with DNA, the mean diameter of the particle increased to about 300 nm. With further incubation, the mean diameter slowly increased to about 400 nm in 72 min and remained in this size range for at least 20 days (data not shown). When the particle size distribution was examined. DC-chol liposome-DNA complex was quite homogeneous throughout the incubation period, ie more than 96% of the particles had a diameter of around 350 nm. If the complex was formed in a higher concentration, even though the mean diameter of the particles showed a similar change as the dilute complex, ie the mean diameter increased from 352 nm at 1 min to 435 nm at 72 min, the distribution of particle size showed that about 60% particles aggregated to more than 1000 nm in diameter at 72 min. The mean diameter of the DC-chol liposome-DNA complex with a high charge ratio of 4.0 showed a similar change as the complex with low charge ratio of 2.0 and was also quite homogeneous as examined by the distribution of particle size. Other cationic liposomes such as lipofectin and lipofectamine formed homogeneous particles with DNA with little change in the mean diameter or the particle size distribution throughout the incubation time; the mean particle size at 72 min was 222 and 166 nm in diameter, respectively.
Discussion
We have previously reported that the serum sensitivity of DNA-liposome complex can be overcome by increasing the charge (+/−) ratio of the complex. 10 At a ratio of 2.0, the complex was serum-sensitive, but at 4.0 the complex was not. We now report that the serum sensitivity of the complex is dependent on the time of incubation. The data in Figures 1a and 3 indicate that even at a ratio of 2.0, the complex can become serum-resistant if sufficient incubation time has elapsed to allow the complex to mature before transfection. The maturation process can be accelerated by increasing the charge (+/−) ratio (Figure 3) , increasing the concentration of the complex (Figure 4) , or elevating the incubation temperature ( Figure 5 ). These results suggest that when DNA first encounters cationic liposomes, they form a complex which is highly sensitive to serum proteins. The fact that mean particle size immediately increased when DNA was mixed with cationic liposomes indicates the formation of such an initial complex ( Table 1) . As time progresses, the structure of the initial complex changes into a mature form which is no longer sensitive to serum ( Figure 6 ). During the maturation process, there is no obvious change in the mean particle diameter or in size distribution (Table 1) . Interestingly, both the immature and mature complexes showed equal transfection activity in the absence of serum (Figure 1a) . Thus, the maturation process primarily affects the way the complex interacts with serum proteins which then influences the interaction of the complex with cells.
The precise structures of the immature and mature complexes are not known. There are several reported The complexes were prepared and particle size was measured according to the description in Materials and methods. a The concentrated complex was prepared by mixing 2 g DNA dissolved in 20 l HBSS and 20 nmole DC-chol liposome in equal volumes of solution that were then incubated at room temperature for different times. Before the particle size was measured, HBSS was added to the final 500 l.
structures of DNA-cationic liposome complex, ie DNA coated with cationic lipids and attached to intact liposomes (the 'spaghetti and meatball' model) which was reported for monovalent cationic lipids such as DCchol, 15 DOTAP 16 and lipofectin (Sorgi, et al, unpublished data). Plasmid DNA molecules sandwiched between lipid bilayers have also been reported for DOTAP. 17, 18 More recently, intact liposomes with invaginated layers containing DNA molecules sandwiched between opposing lipid bilayers have also been reported for the cationic lipid DOTAP. 19 It is not clear if any or all of these structures represent the immature or mature complex described here. However, judging from the condition under which the complex is prepared for freeze-fracture electron microscopy, the 'spaghetti and meatball' structure is probably close, if not identical, to the immature complex. If so, the structure contains extensive surface areas that consist of cationic lipid bilayer which may strongly bind with the negatively charged serum proteins, preventing the further structural changes required for complex maturation. Whether the sandwich-type structures described for DOTAP liposomes represent the mature complex is not known at the present time.
Exposure of the immature complex to serum rapidly and irreversibly blocks the maturation process (Figure 1a) . We have previously shown that a few negatively charged proteins found in a fraction isolated by anion exchange chromatography contain all the inhibitory activities of the intact serum. 10 It is likely that the same proteins bind strongly with the immature complex and block the maturation process. It would be interesting to see if these proteins could still interact with the mature complex. Furthermore, the protein(s) interacting with the immature complex have been demonstrated to inhibit the uptake of DNA by cells (Figure 1b) . Charge neutralization of the cationic complex through binding with the anionic serum proteins is likely to reduce the uptake of the complex by cells. As the complex matures with time, serum inhibition of DNA uptake is also decreased (Figure 1b) . In addition, whereas the transfection activity remains the same, cellular association of DNA delivered by mature complex in the serum is still lower than that of DNA delivered in the absence of serum. These data support a previous hypothesis that after the cellular association of DNA is partially recovered by increasing the charge ratio of the complex, some unknown components of serum may play a dominant role in enhancing transfection, probably by stimulating endocytosis and/or DNA trafficking to the nucleus from the cytoplasm. 10 Time-dependent maturation of DNA-liposome complex is only observed with monovalent cationic lipids, ie DC-chol, DOTMA (as in lipofectin) and DOTAP, but not with multivalent cationic lipids, ie DOSPA (as in lipofectamine). Preliminary data in this laboratory show that lipofectamine forms a tight and small complex with DNA as observed by freeze-fracture electron microscopy (Sorgi et al, unpublished data). Data in Table 1 also indicate that the DNA-lipofectamine complex is smaller in size than those containing monovalent cationic lipids. This is likely due to the fact that multivalent lipids condense DNA effectively (Sorgi et al, unpublished data) . However, such tight complexes remain serum-sensitive with no sign of maturation within 90 min of incubation (Figure 2 ). While the molecular detail of how serum proteins inactivate the DNA-lipofectamine complex is not known, our observation has provided an explanation why simple DNA-liposome complex containing lipofectamine is not suitable for intravenous gene delivery (unpublished observation). On the other hand, simple DNA-liposome complexes containing monovalent cationic lipids, such as DOTAP 5, 19, 20 and DOTMA, 5, 21 are active in transfecting cells of many organs upon intravenous injection. Typically, the complex is prepared using high concentrations, thereby facilitating rapid maturation of the complex toward a serum resistant structure. 9 Interestingly, a recent report by Hofland et al 22 has described the use of lipofectamine for successful intravenous delivery of DNA. However, these authors have employed a nonionic detergent to solubilize the cationic lipid such that a new nanoparticle structure has emerged after the removal of detergent by dialysis.
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The new structure is evidently resistant to serum as it can be intravenously injected for systemic gene delivery. Further work is obviously required to elucidate the mechanism of the transition from an immature, serumsensitive complex to a mature, serum-resistant complex. Such information will likely guide future work in the development of an injectable and targetable gene delivery vector.
Materials and methods
Preparation of DC-chol liposome and plasmid DNA DC-chol liposome was prepared with DC-chol/DOPE (mole ratio 6:4) in endotoxin-free distilled water (Abbott Laboratories, North Chicago, IL, USA) by sonication as previously described. 11 The liposomes were used within 1 month after preparation. DOTAP liposome was prepared with DOTAP (Avantti Polar Lipids, Alabaster, AL, USA) in endotoxin-free distilled water by sonication. Lipofectin (DOTMA/DOPE at a weight ratio of 1:1) and lipofectamine (DOSPA:DOPE at a weight ratio of 3:1) were purchased from Life Technologies, (Gaithersburg, MD, USA).
Plasmid pCMV-Luc was constructed by inserting a fragment of luciferase cDNA from pRSVL into HindIII/XbaI sites of pcDNA3 vector by R Rouse in this laboratory. Plasmid was purified by cesium chloride density gradient ultracentrifugation.
Cell culture and in vitro lipofection
Murine melanoma BL6 cells were cultured in RPMI medium containing 10% FBS and 1% antibiotics. DNAliposome complexes were prepared by mixing 1 g DNA dissolved in 125 l or an indicated amount of serumfree RPMI medium/HBSS (1/1 in volume) (Life Technologies) with either 10 nmol DC-chol liposomes, 8 nmol DOTAP, 6.4 nmol lipofectin, or 10 nmol lipofectamine in an equal volume of the same solution, and then placed at room temperature or otherwise indicated temperature for varying periods of time. If lipofection was to be performed in the presence of serum, fetal bovine serum (FBS; Hyclone Laboratories, Logan, UT, USA) was added to the complex to a final concentration of 20% before its addition to cells. The complex was then added to cells cultured in 48-well plates to about 80% confluency. After cells were incubated at 37°C for 5 h, the medium was replaced with the growth medium containing 10% FBS. After culture for an additional 38-42 h, cells were lysed with 100 l of lysis buffer (200 mm Tris-HCl, pH 7.8, 2 mm EDTA, 0.05% Triton X-100) at room temperature for 10 min. Following centrifugation (800 g, 5 min), 10 l of supernatant was assayed for luciferase activity using a luciferase assay kit (Promega, Madison, WI, USA) and an Autolumat LB 953 luminometer (EG& G Berthold, Bad Wildbad, Germany). Luciferase activity is expressed as relative light units (RLU) per well. In some cases luciferase activity for cells transfected in the presence of serum was normalized to that of cells transfected in the absence of serum and expressed as '% serum-free control'. Protein concentration was measured with Coomassie Plus Protein Assay Reagent (Promega).
Cellular association of DNA pCMV-Luc was labeled 24 with 125 I and separated from free iodine by using a spin column (Bio-Spin 30; Bio-Rad, Hercules, CA, USA). Compared to cold DNA, the 125 Ilabeled DNA contained roughly the same amount of supercoiled, open circled and linear DNA as examined by gel electrophoresis and autoradiograph. Complexes prepared with trace amounts of 125 I-labeled DNA (10 000 total c.p.m.) were added to BL6 cells as described above. After 5 h incubation at 37°C, cells were washed three times with PBS and lysed with 500 l lysis buffer at room temperature for 10 min. Cell lysate was collected and counted for radioactivity with a gamma counter.
Calculation of charge ratio of DNA-liposome complex
The charge (+/−) ratio was calculated as mole ratio of DC-chol (one charge per molecule), DOTAP (one charge per molecule), DOTMA (cationic lipid in lipofectin, one charge per molecule) or DOSPA (cationic lipid in lipofectamine, five charges per molecule) to nucleotide residue (average, MW 330).
Measurement of particle size
Particle size of cationic liposome or DNA-liposome complex in colorless HBSS (Sigma, St Louis, MD, USA) was measured by using an N4 Plus Submicron Particle Sizer (Coulter, Miami, FL, USA) at 90°angle with 1 min of equilibration and 2 min of run time. SDP analysis was performed using 17 bins with a range of 1 to 1000 nm.
